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ABSTRACT: Physisorbent metal-organic materials (MOMs) 
have shown benchmark performance for highly selective CO2 
capture from bulk and trace gas mixtures. However, gas stream 
moisture can be detrimental to both adsorbent performance 
and hydrolytic stability. One of the most effective methods to 
solve this issue is to transform the adsorbent surface from 
hydrophilic to hydrophobic. Herein, we present a facile 
approach for coating MOMs with organic polymers to afford 
improved hydrophobicity and hydrolytic stability under humid 
conditions. The impact of gas stream moisture on CO2 capture 
for the composite materials was found to be negligible under 
both bulk and trace CO2 capture conditions with significant 
improvements in regeneration times and energy requirements.
KEYWORDS: ultramicroporous materials, carbon dioxide, 
adsorption, separation, polymer coating
INTRODUCTION
 Carbon dioxide, CO2, capture from trace (<2% CO2) and bulk 
(>10% CO2) gas mixtures will be a crucial technology in 
achieving carbon neutrality by 2050.1 While clean technologies 
such as wind and solar power will play a major role in energy 
provision over the coming decades, increasing energy demands 
will dictate that fossil fuels will remain a key component of the 
global energy system into the second half of the century.2 
Additionally, trace concentrations of CO2 are a significant 
impurity in industrial processes and can pose serious risks to 
human health in confined spaces such as spacecraft and 
submarines where access to fresh air is difficult.3 CO2 removal 
from natural gas (NG) is imperative to achieve pipeline quality 
and prevent freezing during liquefaction,4 while prolonged 
human exposure to trace CO2 concentrations (ca. 0.5% CO2) can 
lead to headaches and drowsiness while elevated 
concentrations can lead to increased cardiac output and 
asphyxiation.5, 6 
To date, carbon capture and sequestration (CCS) has been 
hampered by high costs (>100 US$/t CO2 captured) and 
techno-economic uncertainties of liquid amine based CCS 
technologies.7 In postcombustion-CO2 capture during power 
generation, the CO2 scrubbing process reduces the overall 
energy generation efficiency by up to 30%.8 While traditional 
CCS technologies are suitable for large point sources producing 
bulk concentrations of CO2, alternative approaches are 
required for mobile sources. Trace capture via direct air 
capture (DAC) of atmospheric CO2 and confined space CO2 
control in submarines and spacecraft rely upon chemical 
absorption scrubbing technologies.3, 9 Chemical fixation of CO2 
on CaO/LiOH via a reversible reaction gives way to the 
formation of metal carbonates. These scrubbing technologies 
are limited by poor sorption kinetics, energy-intensive 
regeneration, and reduced performance with cycling.10 The 
limitations of traditional CO2 scrubbers have accelerated the 
development of a new generation CO2 capture technologies. 
Adsorption has long been touted as an energy efficient 
alternative to traditional liquid amine-based technologies.11, 12 
Traditional adsorbents such as zeolites have been used in the 
petrochemical industry for decades; however, these materials 
are hampered by issues such as low selectivity and high 
regeneration energies.13-15
 The demand for energy-efficient solutions to CO2 capture 
has spurred research into porous Metal-Organic Materials 
(MOMs),16 also known as Porous Coordination Polymers 
(PCPs),17 or Metal–Organic Frameworks (MOFs).18, 19 MOMs 
are a class of porous adsorbents that offer paradigm shift in a 
wide range of applications such as of carbon capture and 
energy efficient gas purifications.12, 20-22 The tuneable nature of 
MOMs has enabled improvements in terms of uptake 
capacities, CO2 selectivity and interaction energy compared to 
classical adsorbent materials.23 Despite these improvements, 
many MOMs suffer from reduced performance and hydrolytic 
instability in the presence of moisture.14, 24-26 Improvements in 
CO2-adsorbent interactions generally gives way to increased 
H2O uptake, while improved hydrophobicity tends to reduce 
CO2 sorption performance.27 Additionally, traditional 
approaches to improving the stability of MOMs toward water 
or humidity gives way to reduced porosity and often involves 
complex synthesis.28, 29 Therefore, it is imperative to develop 
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Figure 1. Illustration of HPMCP-coating on the surface of 
SIFSIX-3-Ni and the improvement of moisture resistance.
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facile approaches towards humidity stability while maintaining 
adsorbent performance. 
 Recently, the use of hydrophobic polymer coatings has been 
shown to improve hydrolytic stability of MOMs in the presence 
of moisture.30-39 Indeed, polymer/MOM composites have been 
studied as membrane materials40-43 and the use of hydrophobic 
polymer coating in formulation of hygroscopic pharmaceutical 
ingredients is commonplace.44 Herein, we report a general 
approach for a polymer-coating treatment to form a 
hydrophobic film upon the surface of MOMs for improved 
hydrolytic stability and gas sorption performance under humid 
conditions (Fig. 1). To demonstrate the effectiveness of this 
polymer-coating approach, SIFSIX-3-Ni {[Ni2+(pyz)2(SiF62-
)]n}25, 45 a benchmark MOM for CO2 capture was chosen for 
study. SIFSIX-3-Ni is a member of a subclass of MOMs known 
as Hybrid Ultramicroporous Materials (HUMs)46 that combine 
ultramicropores with a strong electrostatic contribution via 
inorganic anions within the pore channels. HUMs have 
previously been found to show exceptional gas separation 
performance for multiple dry and wet gas mixtures.47-53 
SIFSIX-3-Ni was coated with two polymers, HPMCP HP-55 and 
Kollidon SR (Fig. S26). HPMCP HP-55 is widely used as an 
enteric coating agent by the pharmaceutical industry due to its 
film formation strength and high acid resistance 
properties.  Kollidon SR is inert i.e. contains no ionic groups 
and can produce a very coherent hydrophobic matrix. These 
polymers were chosen due to their widespread availability and 
hydrophobic properties which are commonly used to improve 
the hydrolytic stability of pharmaceutical formulations. The 
performance of all materials was evaluated using powder X-ray 
diffraction (PXRD), thermogravimetric analysis (TGA), 
dynamic vapour sorption (DVS), water contact angle (WCA), 
scanning electron microscopy (SEM), single-component and 
mixed gas adsorption and gravimetric gas uptake experiments. 
To the best of our knowledge, this is the first work that 
improves the CO2 sorption performance of MOMs from both 
trace (1% CO2) and bulk (15% CO2) gas mixtures under humid 
conditions using hydrophobic polymer coatings.
RESULTS AND DISCUSSION
SIFSIX-3-Ni was synthesised via a slurrying method as 
previously reported (See Supporting Information†).25 To 
facilitate coating of SIFSIX-3-Ni; 1, 2 and 5 wt.% HPMCP HP-55 
and Kollidon SR solutions were prepared by dissolving 
polymer in MeOH with the aid of ultrasonication. 0.1 g of sieved 
SIFSIX-3-Ni particles (75 - 100 µm), were added to glass vials 
containing 5 ml of prepared polymer solutions. Coating of 
SIFSIX-3-Ni samples was conducted in a lab shaker, by 
subjecting the mixtures to agitation for 30 min. Polymer coated 
samples of SIFSIX-3-Ni (Denoted HPMCP/SIFSIX-3-Ni and 
Kollidon/SIFSIX-3-Ni) were collected via vacuum filtration, 
followed by aging at 40 °C for a period of 24 h. Finally, all 
samples were fully activated by heating to 100 °C under 
vacuum for 8 h. The hydrophobic coating is formed through 
combination of hydrogen bonds and π–π stacking between the 
MOM and the Kollidon SR and HPMCP polymers.35,44,54
 The morphology, crystallinity and thermal stability of 
pristine and coated SIFSIX-3-Ni samples were investigated 
using SEM, PXRD and TGA, respectively. SEM images show that 
pristine SIFSIX-3-Ni crystals have regular cubic morphology 
and a smooth surface (Fig. 2B). Similarly, the HPMCP and 
Kollidon coated SIFSIX-3-Ni samples exhibit similar 
morphology and a characteristically smooth surface. TEM 
images (Fig. S27) also display a cubic morphology for HPMCP 
coated SIFSIX-3-Ni, however, there was no obvious presence 
of a polymer coating observed. From PXRD results, there was 
no notable differences observed between the pristine and 
polymer-coated SIFSIX-3-Ni samples (Fig. 2A, S1-S2). The 
crystalline structures of the SIFSIX-3-Ni materials were 
maintained after the coating process. TGA was used to analyse 
the thermal stability of both pristine and polymer coated 
SIFSIX-3-Ni (Fig. S5). There were notable differences in terms 











































































Figure 2. (A) PXRD patterns of pristine and polymer coated SIFSIX-3-Ni. (B) SEM images of (Top) pristine and (Bottom) HPMCP 
coated SIFSIX-3-Ni. (C) Low pressure CO2 adsorption isotherms for pristine and polymer coated SIFSIX-3-Ni at 298 K. (D) DVS H2O 
sorption/desorption isotherms for pristine and polymer coated SIFSIX-3-Ni at 308 K. (E) Water contact angle analysis of (Top) 
pristine and (Bottom) HPMCP coated SIFSIX-3-Ni. (F) post-DVS PXRD patterns of pristine and polymer coated SIFSIX-3-Ni.
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of the decomposition profiles observed during thermal 
analysis.  SIFSIX-3-Ni displayed ca. 20 wt. % weight loss at 120 
°C which can be attributed to water loss, this was roughly 
halved through the incorporation of Kollidon and HPMCP 
coatings. All three samples displayed similar weight losses 
above 200 °C suggesting that the decomposition temperatures 
of the HPMCP and Kollidon coatings occur at similar 
temperatures to those of the crystalline MOM.
 To examine the effects of coating upon the porosity of 
polymer-MOM composites, single component gas adsorption 
isotherms of the pristine and polymer coated SIFSIX-3-Ni 
samples were collected for CO2 and N2 (Fig. 2C & 3A) at 298 K. 
The CO2 and N2 uptake observed for the pristine SIFSIX-3-Ni 
(ca. 2.5 & 0.3 mmol/g at 1 bar, respectively) are consistent with 
previous reports.25 The HPMCP and Kollidon coated SIFSIX-3-
Ni samples were found to have reduced saturation CO2 uptake 
compared to the pristine samples (Fig. 2C). Upon introduction 
of varying wt. % (1, 2 and 5 wt. %) of HPMCP and Kollidon 
during the coating process there is a noticeable reduction in 
saturation CO2 uptake. The reduction in CO2 uptake for polymer 
coated SIFSIX-3-Ni was found to correspond to the increased 
levels of polymer coating (Figs. S6-S8, S29). A similar trend was 
observed for N2 uptake for HPMCP coated SIFSIX-3-Ni (Fig. 
3A).  
 After fitting using the Dual-site Langmuir-Freundlich (DSLF) 
model, analysis of the pure component isotherms via ideal 
adsorbed solution theory (IAST)55 allowed us to estimate the 
CO2/N2 selectivity (SCN) under relevant conditions for trace and 
bulk CO2 capture (CO2 mole fractions of 0.01 and 0.15) for both 
pristine and HPMCP coated SIFSIX-3-Ni (Fig. 3B & 3C). SIFSIX-
3-Ni exhibited benchmark SCN for both trace (SCN = 9132) and 
bulk (SCN = 581) gas mixtures. Interestingly, the addition of 
polymer coatings was found to increase SCN for HPMCP coated 
SIFSIX-3-Ni materials for both trace (SCN = 15070) and bulk 
(SCN = 60650) gas mixtures. The exceptionally high SCN values 
exhibited by HPMCP coated SIFSIX-3-Ni suggest its potential 
for CO2/N2 separations relevant to indoor air quality control 
(1/99 v/v) and post combustion CO2 capture (15/85 v/v).
 To further examine the CO2 sorption performance of 
composite materials, kinetics studies were performed on both 
pristine and HPMCP coated SIFSIX-3-Ni (Fig. S23-S25). 
Activated samples of both pristine and polymer coated SIFSIX-
3-Ni were exposed to a constant flow of 0.01, 0.15 and 1.0 bar 
CO2 at 308 K.  There was a notable correlation between kinetic 
uptake performance and CO2 partial pressure for all materials 
examined. At 1.0 bar CO2, ca. 90% saturation was achieved in < 
1 min for all samples. Conversely, for 0.01 bar CO2, ca. 2 h was 
required to achieve saturation uptake. Saturation uptakes and 
kinetic uptake rates were found to be consistent for all 
materials, suggesting that the presence of a polymer layer has 
little impact upon the uptake kinetics of composite adsorbents.
 To investigate the H2O sorption properties of the pristine 
and polymer coated SIFSIX-3-Ni, DVS experiments were 
carried out (Fig. 2D). Pristine SIFSIX-3-Ni exhibits a 
characteristic negative water sorption isotherm.56 The 
negative adsorption is attributed to a water-induced phase 
change from a porous puck topology to a nonporous sql 
topology, however, the pcu topology is recoverable by heating 
under vacuum. Conversely, both HPMCP and Kollidon coated 
SIFSIX-3-Ni exhibit fully reversible H2O sorption isotherms. 
The introduction of HPMCP and Kollidon during the coating 
procedure gave way to a reduction in the saturation H2O uptake 
(4.4 & 7.9 wt.%, respectively) compared to the pristine SIFSIX-
3-Ni (16 wt.%). The lower H2O uptake observed for HPMCP 
coated SIFSIX-3-Ni can be attributed to a higher density of -CH3 
functional groups in the HPMCP coated polymer compared to 
Kollidon SR (Fig. S26). Post-sorption PXRD demonstrated that 
the pcu network of SIFSIX-3-Ni was maintained upon 
exposure to H2O during DVS experiments on the polymer 
coated samples (Fig. 2F). To further examine surface 
hydrophobicity, WCA measurements were performed on 
pelletized pristine and HPMCP coated SIFSIX-3-Ni (Fig. 2E). 
(A) (C)(B)
(D) (F)(E)
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Figure 3. (A) Single component gas sorption isotherms (CO2 & N2) for pristine and polymer coated SIFSIX-3-Ni at 298 K. (B) 1% 
CO2/99% N2  and (C) 15% CO2/85% N2 IAST selectivity plots for pristine and polymer coated SIFSIX-3-Ni at 298 K. (D) 1% CO2/99% 
N2 and (E) 15% CO2/85% N2  dry and 74% RH gas mixture breakthrough curves for coated and uncoated SIFSIX-3-Ni. (F) 
HPMCP/SIFSIX-3-Ni recyclability tests for humid 1% CO2/99% N2 and 15% CO2/85% N2 gas mixtures (Regeneration at 80 °C).
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HPMCP coated SIFSIX-3-Ni was chosen for further testing due 
to the lower H2O uptake compared to Kollidon coated SIFSIX-
3-Ni composite. The HPMCP coated sample exhibited an 8-fold 
increase in WCA compared to uncoated SIFSIX-3-Ni (72° vs. 9°, 
respectively). The addition of a polymer coating imparts 
improved hydrophobicity and stability upon SIFSIX-3-Ni. 
 To examine the gas separation performance of polymer 
coated MOMs, experimental breakthrough studies were 
performed on both pristine and HPMCP coated SIFSIX-3-Ni for 
CO2/N2 (1/99 and 15/85 v/v) gas mixtures at room 
temperature under both dry and humid conditions (Fig. 3D & 
3E). As illustrated in Fig. 3D and 3E, efficient CO2/N2 separation 
was achieved for pristine and polymer coated SIFSIX-3-Ni for 
both trace and bulk dry mixed gas streams. N2 gas was eluted 
through the bed immediately, whereas CO2 was retained in the 
adsorbent bed. For 15/85 CO2/N2 gas mixtures, pristine and 
HPMCP coated SIXSIX-3-Ni were found to achieve CO2 uptake 
capacities of 2.4 and 2.2 mmol g-1, respectively. For 1/99 
CO2/N2 gas mixtures, uptakes of 1.7 and 1.5 mmol g-1, 
respectively, were observed. Upon exposure to humid (74% 
RH) trace and bulk gas mixtures, SIFSIX-3-Ni exhibited 
significant reductions in CO2 sorption performance for both 
trace (47%) and bulk (22%) gas mixtures compared with those 
observed under dry conditions. Conversely, HPMCP coated 
SIFSIX-3-Ni performance was maintained under humid 
conditions with only minimal reductions in performance 
observed for trace (9%) and bulk (5%) gas mixtures. The 
performance of the pristine and polymer coated SIFSIX-3-Ni 
samples was found to be in agreement with those of the IAST 
predicted uptakes (Fig. S30-32). Temperature-programmed 
desorption (Fig. S21 & S22) illustrated that facile regeneration 
could be achieved due to a dramatic reduction in adsorbed H2O 
during adsorption studies. Comparison with previously 
reported materials shows that HPMCP coated SIFSIX-3-Ni 
demonstrates benchmark CO2 sorption performance (Table 
S3). The CO2 removal performance of HPMCP coated SIFSIX-3-
Ni combined with its recyclability (Fig. 3F) and stability (Fig. 
S28),25 suggests that this material could be effectively 
employed for CO2 removal from humid gas streams regardless 
of the CO2 concentration. 
CONCLUSIONS
In conclusion, efficient CO2 capture can be achieved using 
physisorbent materials, however, the presence of moisture in 
the gas stream can have a detrimental effect upon performance. 
The inclusion of polymer coatings was employed to overcome 
the effects of moisture upon MOM performance. SEM and PXRD 
illustrated that the SIFSIX-3-Ni structure was unaffected 
during the polymer coating process, while single-component 
gas sorption isotherms illustrated that porosity remained 
intact. DVS and WCA analysis illustrated improved 
hydrophobicity, while dynamic gas breakthrough testing 
demonstrated that gas separation performance could be 
maintained under humid conditions using polymer coatings.  
Notably, the HPMCP coated SIFSIX-3-Ni maintained its 
characteristic pcu network upon prolonged exposure to 
moisture, overcoming conversion to the previously reported 
sql topology. This work illustrates how polymer-coatings 
impart improved hydrophobicity and gas separation 
performance upon MOM materials under humid conditions. 
This facile approach to adsorbent processing may provide a 
roadmap towards future use of MOMs in challenging industrial 
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